Abstract-In this paper we present the results of extensive studies of scintillators for hybrid phototubes with luminescent screens. The results of the developments of the phototubes with a variety of scintillators are presented. New scintillator materials for such kind of application are discussed. The requirements for scintillators to use in such hybrid phototubes are formulated. It is shown that very fast and highly efficient inorganic scintillators like ZnO:Ga will be ideal scintillators for hybrid phototubes with luminescent screens.
I. INTRODUCTION
E XPERIMENTAL neutrino astrophysics has been developing with an impressive pace for the last three decades. The detection of neutrinos from the SN1987A supernova burst and the discovery of neutrino oscillation are tremendous scientific achievements. One can assign this success to an extent to the development of big hemispherical vacuum photodetectors widely used in the overwhelming majority of experiments in the field. The most popular photodetectors are classical photomultiplier tubes (PMTs). Unfortunately PMTs have a number of shortcomings: poor collection and effective quantum efficiencies, poor time resolution, prepulses, late pulses, afterpulses, susceptibility to terrestrial magnetic field. In many respects vacuum hybrid phototubes are free from above mentioned disadvantages. Vacuum hybrid photodetectors are Hybrid Photodiodes (HPDs), Hybrid Avalanche Photodiodes (HAPDs) and Hybrid Phototubes with luminescent screens. HPD and HAPD are vacuum photodetectors using silicon diodes and avalanche diodes respectively for photoelectron multiplication. They have excellent characteristics and at least one substantial drawback -they are too expensive because a transfer technique is used in the manufacturing process. Furthermore, their gain is still rather low.
In the early 1980s G. van Aller, S.-O. Flyckt and W.Kuhl from PHILIPS Laboratory at that time (now PHOTONIS Group) had developed the "smart" 15" phototube XP2600 [1] which was the first hybrid phototube with a luminescent screen. The tube had been developed for the first deep underwater muon and neutrino detector (DUMAND) project [2] and successfully tested at Lake Baikal [3] . Especially for another pioneering experiment-the Lake Baikal neutrino experiment-the 16" QUASAR-370 phototube [4] - [7] , [14] - [16] has been developed in Russia by a close collaboration of Institute for Nuclear Research in Moscow and KATOD Company in Novosibirsk, following the basic design of the "smart" phototube. The Lake Baikal neutrino detector is the first full scale deep underwater neutrino telescope in the world [8] . It is being still operated with more than 200 QUASAR-370 phototubes in the array [9] . Despite the fact that the QUASAR-370 phototubes are currently used in a number of astroparticle physics experiments, the phototube is still a noncommercial state-of-the-art product and a subject of extensive studies and further active development.
Presently new projects of the next generation giant neutrino telescopes are intensely discussed. One of the main points of the discussions is a photodetector development for such projects. It inspired a renewed interest in hybrid phototubes with luminescent screens because of their excellent performance. The phototubes meet very well the requirements for photodetectors of the current operating neutrino telescopes. They are fast, highly sensitive to Cherenkov light with angular acceptance and immune to terrestrial magnetic field. They have no prepulses and late pulses. Afterpulses of the phototubes are strongly suppressed in comparison with conventional PMTs [10] . The main goal of the paper is to show how the hybrid phototubes performance depends on the scintillator parameters and to demonstrate that with a proper scintillator the phototube will be the ideal photodetector for the next generation of neutrino telescopes.
II. HYBRID PHOTOTUBE WITH LUMINESCENT SCREEN

A. Operational Principle
The hybrid phototube with a luminescent screen is a combination of an electro-optical preamplifier with a large hemispherical photocathode and a small conventional PMT. The QUASAR-370 phototube's drawing is presented in Fig. 1 . Photoelectrons produced by incident photons on the large hemispherical photocathode of the optical preamplifier with viewing angle are accelerated by high electric field of kV and hit a luminescent screen which is fixed near the center of the glass bulb. The luminescent screen is a thin layer of a fast, high light yield scintillator covered by an aluminium foil. Light flashes produced by photoelectrons in the scintillator are registered by a small PMT. stage results in an excellent single photoelectron resolution and together with high accelerating voltage allows to keep low the time jitter of the phototube. The QUASAR-370 phototube has a mushroom shape of its glass bulb to provide more isochronic photoelectron trajectories. The maximum transit time difference of photoelectrons is less than 1 ns.
B. Single Photoelectron Resolution of QUASAR-370
The single photoelectron resolution of the QUASAR-370 phototube is defined mainly by the gain of the electro-optical preamplifier.
is the ratio of the number of photoelectrons detected by the small PMT to the number of photoelectrons emitted at the preamplifier photocathode:
(1) Fig. 2 shows a typical charge distribution for pulses of a few photoelectrons of QUASAR-370. The high amplification factor of the first stage allows to separate pulses of one, two, three and identify even a hump due to four photoelectron events. One can conclude that the higher the level of the first stage gain , the better is the single photoelectron resolution.
C. Timing of QUASAR-370
A single photoelectron pulse of QUASAR-370 is a superposition of single photoelectron pulses of the small PMT, distributed exponentially in time: (2) with being the decay time constant of the scintillator.
The best time resolution (jitter) is reached by using a double threshold, "slow-fast" discriminator [4] . It consists of two discriminators with different thresholds and integration constants: a timing, "fast," discriminator with a threshold of and a strobing, "slow," discriminator with a threshold of ( and are the mean charges of single photoelectron pulses of the small PMT and the electro-optical preamplifier respectively).
Events arrival time is defined by the front edge of the first of the single photoelectron pulses of the small PMT. Typical single photoelectron transit time distribution of QUASAR-370 measured by such technique is shown in Fig. 3 . In this case, the transit time distribution of single photoelectron pulses of the whole QUASAR-370 phototube is described well by the following expression: (3) is determined by the ratio between the scintillator decay time constant and the gain . Strictly speaking the (3) describes precisely only the right slope of the distribution. The left slope is defined mainly by a scintillation rise time and jitters of the small PMT and electronics. As it is clearly seen in Fig. 3 , QUASAR-370 has no prepulses and late pulses. The reason for the lack of prepulses is the fact that the first stage of the phototube is optically isolated from the phototube's cathode. Moreover the complete vacuum separation between electro-optical preamplifier and the small PMT leads to the much lower level of afterpulses in QUASAR-370 in comparison with conventional PMTs. Late pulses are suppressed due to the high gain of the first stage. One can find more details of the phototube timing and single photoelectron response and photoelectron backscattering in [4] - [7] , [15] . So, the higher the gain and the shorter decay time of the scintillator, the better is the time resolution of the phototube.
D. Luminescent Screen
The scintillator for the basic design of the QUASAR-370 phototube is chosen to be YSO ( :Ce). This scintillator is selected because it was the most effective, fast and inorganic scintillator among available scintillators at that time. It is used as a phosphor or a monocrystal in the phototube. The phosphor thickness is 6 m which is optimized for the effective detection of 25 keV photoelectrons. It is deposited on 20 mm in diameter glass wafer. The monocrystal is m thick just for mechanical stability and 20 mm in diameter. An aluminium foil of 100 nm thickness covers the phosphor or the monocrystal providing complete optical separation of the scintillator and the phototube's photocathode. The aluminum foil serves also as a reflector increasing effectively the light yield of the luminescent screen of the phototube. The latter is about 25% NaI(Tl) on average and its decay time is in the range of 30-50 ns. In the next chapter the results of extensive developments of new luminescent screens with new scintillators will be described.
III. SCINTILLATORS FOR HYBRID PHOTOTUBES
The first stage gain of the phototube is directly connected with the scintillator light yield. The (1) for the first stage gain can be rewritten in another way: (4) -scintillator light yield, -photoelectron energy, -collection efficiency of light on the small PMT photocathode, -effective quantum efficiency of the small PMT. Taking into account the (1)- (4) we come to the conclusion that to have hybrid phototubes with better time and amplitude resolutions and faster time response one should search for scintillators with light yield as high as possible and at the same time decay time as short as possible. Unfortunately the nature does not provide us with wide opportunities. The reason is that scintillators should meet rather strong requirements: 1) Vacuum compatibility. The phototube is a vacuum device so the scintillator should be vacuum compatible. 2) Hardness to the phototube manufacturing process. It's very desirable to avoid a transfer technique in the phototube manufacturing to keep prices low. So the scintillator should withstand the photocathode manufacturing process: high temperature, aggressive chemical atmosphere etc. 3) High light yield for electrons with energies of 10-30 kV. 4) Fast emission kinetics. 5) Low to suppress photoelectron backscattering effect. 6) Emission spectrum should match the small PMT's photocathode sensitivity. 7) Good proportionality. The first two requirements restrict scintillators to just nonhygroscopic, inorganic scintillators. In Table I some appropriate scintillators with their basic parameters are presented. More details on the most part of scintillators listed in the Table I can be found in [11] - [13] , [19] - [21] and in all references therein.
For the last 15 years a number of modifications of the QUASAR-370 phototube have been developed at INR in close cooperation with KATOD Company. For more details the reader is referred to [14] - [16] . The QUASAR-370 phototube modifications are equipped with luminescent screens with different scintillators: SBO ( ) [17] , YAP, LSO among them. The scintillators are in the form of phosphors and monocrystals. The dependencies of photoelectron transit time spread (FWHM) for the QUASAR-370 phototubes with different scintillators on accelerating voltage are shown in Fig. 4 .
So far the best results are reached with LSO monocrystal scintillator despite its nonproportionality problems and high . The latter doesn't play crucial role in the phototube time resolution, albeit it is important in the phototube time response. A typical wave form of the QUASAR-370 phototube output signal is depicted in Fig. 5 . The phototube was illuminated by short ns width (FWHM) light pulses from laser. One can see rather sharp peaks due to photoelectrons backscattered on the luminescent screen. As for the photoelectron transit time spread of the phototube it is about 1 ns (FWHM) for 25 kV accelerating electric field, see Fig. 4 . Presently 25 kV can be considered as a safety region of a stable operation of the phototube. A single photoelectron resolution of the phototube with LSO scintillator is about 35% (FWHM). Fig. 6 presents the charge distribution of multi photoelectron pulses of the QUASAR-370 phototube with LSO scintillator. Distinct peaks due to up to 7 photoelectrons are clearly seen. A cut-off in the left side of the spectrum is due to a discriminator threshold. All data on the QUASAR-370 phototube presented here were measured by our group at INR, and most of them are presented for the first time.
IV. FIGURE OF MERIT
It is very convenient for such kind of application where scintillator's timing and light yield of utmost importance to define a figure of merit of scintillators: -scintillator's light yield; -scintillator's decay time; -a coefficient accounting for a scintillation light detectability by the small PMT; -a coefficient connected with compatibility of scintillator with vacuum and manufacturing process of the phototube. In fact, the coefficient describes how well the scintillator emission spectrum matches to the small PMT sensitivity and transparency of the phototube's glass bulb. The coefficient equals to zero for organic and plastic and hygroscopic scintillators. For other scintillators: . In Table II the figures of merit for the best scintillators for hybrid phototubes are presented. Here LS is :Ce scintillator [18] , so called "red" scintillator, with nm. This scintillator is interesting in case of readout by a silicon photomultiplier (SiPM) or a photodetector with A3B5 photocathode with higher sensitivity at longer wave lengths in comparison with conventional PMTs.
According to Table II the best scintillator is ZnO:Ga with a light yield of and 0.4 ns decay time. There is a variety of data on this scintillator in literature [19] - [21] . Its emission spectrum matches well to the spectral sensitivity of conventional cheap small PMTs. The figure of merit for the ZnO:Ga scintillator is a huge, exceeding other scintillators by nearly two orders of magnitude. So far our efforts to develop the QUASAR-370 phototube with luminescent screen based on the ZnO:Ga scintillator have not been successful, because we have at hand the ZnO:Ga scintillator as a phosphor of a poor quality. There are also some technological problems: a nonuniformity of the luminescent screen and a substantial deterioration of the scintillator light yield after the phototube photocathode manufacturing process. But nevertheless if the scintillator with parameters claimed in literature [11] , [19] will be available and technological problems will be solved the scintillator would be almost the ideal scintillator for hybrid phototubes with luminescent screens and it is of foremost importance to continue studies of the scintillator.
V. CONCLUSION
Hybrid phototubes with luminescent screens have excellent time and amplitude resolutions even with existing scintillator (YSO). Modifications of QUASAR-370 phototube with faster and more efficient scintillators (e.g., LSO, SBO and YAP) demonstrate quite clearly that such phototubes keep well ahead of other vacuum photodetectors including HPDs. Very fast and efficient ZnO:Ga scintillator would be almost the ideal scintillator for such kind of application. If we will manage to have reliable ZnO:Ga scintillator of good quality, we will have the ideal photodetector for the next generation of giant neutrino telescopes and other challenging experiments of 21st century.
